The µνSSM has been proposed to solve simultaneously the µ-problem of the MSSM and explain current neutrino data. The model breaks lepton number as well as R-parity. In this paper we study the phenomenology of this proposal concentrating on neutrino masses and the decay of the lightest supersymmetric particle (LSP). At first we investigate in detail the µνSSM with one generation of singlets, which can explain all neutrino data, once 1-loop corrections are taken into account. Then we study variations of the model with more singlets, which can generate all neutrino masses and mixings at tree-level. We calculate the decay properties of the lightest supersymmetric particle, assumed to be the lightest neutralino, taking into account all possible final states. The parameter regions where the LSP decays within the LHC detectors but with a length large enough to show a displaced vertex are identified. Decay branching ratios of certain final states show characteristic correlations with the measured neutrino angles, allowing to test the model at the LHC. Finally we briefly discuss possible signatures, which allow to distinguish between different R-parity breaking models.
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I. INTRODUCTION
The Minimal Supersymmetric extension of the Standard Model (MSSM) [1] assumes that R-parity is conserved. R-parity (R p ) [2] , defined as R p = (−1)
3B+L+2S , was originally introduced to guarantee the stability of the proton in supersymmetric models [3, 4] . It has two immediate consequences: First, the lightest supersymmetric particle (LSP) is stable. For cosmological reasons a stable LSP has to be electrically neutral, thus leading to the "standard" missing momentum signature of SUSY. Second, the MSSM with R p , for the same reasons as the SM, predicts zero neutrino masses.
Neutrino oscillation experiments have demonstrated that at least two neutrinos have non-zero mass [5, 6, 7] . Especially remarkable is that data from both atmospheric neutrino [8] and from reactor neutrino measurements [9] now show the characteristic L/E dependence expected from oscillations, ruling out or seriously disfavouring other explanations of the observed neutrino deficits. It is fair to say that with the most recent data by the KamLAND [9] , Super-K [10] and MINOS collaborations [11] neutrino physics has finally entered the precision era. (For the latest evaluation of allowed neutrino parameter regions, see for example the updated fits in [12] .) This version produces one neutrino mass at tree-level, while the remaining two neutrinos receive mass at the loop-level. This feature is very similar to bilinear R-parity breaking, although as discussed below, the relative importance of the various loops is different for the explicit bilinear model and the µνSSM. As in the explicit bilinear model neutrino angles restrict the allowed range of R p / parameters and correlations between certain ratios of decay branching ratios of the LSP and neutrino angles appear. In the second version we allow for n singlets. Neutrino masses can then be fitted with tree-level physics only. However, many of the features of the one generation model remain at least qualitatively also in the n singlet variants. LSP decays (for a bino or a singlino LSP) can be correlated with either the solar or atmospheric angle, thus allowing to construct explicit tests of the model for the LHC. In contrast to [53] we consider all kinematically allowed final states. This does not only cover scenarios where two-body decays are important, but also those where three-body decays are dominant. In addition we show that even in the scenarios where two-body decay modes in singlet Higgs bosons dominante, the lifetime can be such that the LSP decays outside the detector. This paper is organized as follows. In the next section we outline the model, give the soft breaking terms, discuss the mass matrices and calculate approximate formulas for neutrino masses. We will not use the approximate formulas in our numerical analysis, but give them explicitly because they allow to understand in an easy way our numerical results qualitatively. In Section III we discuss existing constraints on the model space, apart from neutrino physics, and outline the properties of the "standard" points, which we will use in our numerical analysis. We then turn to the collider phenomenology of the model. In Section IV we study the one generation variant of the µνSSM. Decays of scalars are briefly discussed, before calculating decay properties of the neutralino LSP. Section V gives a discussion of the LSP phenomenology for the n generation variant, although we will mainly focus on two generations. Similarities and differences to the one generation model are discussed. In Section VI we then give a short, mostly qualitative discussion of possible signals which might give some hints which R-parity breaking model is indeed realized in nature, before closing with a short summary. Mass matrices and couplings are given in various appendices.
II. MODEL BASICS
In this section we introduce the model, work out its most important properties related to phenomenology and neutrino masses and mixings. As explained in the introduction, we will consider the n generations case in this section. Approximate formulas are then given for scalar masses for the one (1)ν c -model and for neutrino masses for the 1 and 2ν c -model.
A. Superpotential
The model contains n generations of right-handed neutrino singlets. The superpotential can be written as 
The last three terms include the right-handed neutrino superfields, which additionally play the role of the Φ superfield in the NMSSM [46] , a gauge singlet with respect to the SM gauge group. The model does not contain any terms with dimensions of mass, providing a natural solution to the µ-problem of the MSSM. Please note, that as the number of right-handed neutrino superfields can be different from 3 we use the letters s, t and u as generation indices for the ν c superfields and reserve the letter i, j and k as generation indices for the usual MSSM matter fields.
The last two terms in (1) explicitly break lepton number and thus R-parity giving rise to neutrino masses. Note that κ stu is completely symmetric in all its indices. In contrast to other models with R-parity violation, this model does not need the presence of unnaturally small parameters with dimensions of mass, like in bilinear R-parity breaking models [34] , and there is no Goldstone boson associated with the breaking of lepton number [23, 57, 58] , since breaking of R p is done explicitly.
For practical purposes, it is useful to write the superpotential in the basis where the right-handed neutrinos have a diagonal mass matrix. Since their masses are induced by the κ term in (1), this is equivalent to writing this term including only diagonal couplings:
The soft SUSY breaking terms of the model are
V MSSM−Bµ sof t contains all the usual soft terms of the MSSM but the B µ -term
and V singlets sof t includes the new terms with singlets:
In these expressions the notation for the soft trilinear couplings introduced in [59, 60] is used. Note that the rotation made in the superpotential does not necessarily diagonalize the soft trilinear terms T stu κ implying in general additional mixing between the right-handed sneutrinos.
C. Scalar potential and its minimization
Summing up the different contributions, the scalar potential considering only neutral fields reads
with
where summation over repeated indices is implied. This scalar potential determines the structure of the vacuum, inducing vevs:
In particular, the vevs for the right-handed sneutrinos generate effective bilinear couplings:
Since by electroweak symmetry breaking an effective µ term is generated, it is at the electroweak scale. Minimizing the scalar potential gives the following tadpole equations at tree-level
and there is no sum over the index s in Equation (14) . As usual in R-parity breaking models with right-handed neutrinos, see for example the model proposed in [30] , it is possible to explain the smallness of the v i in terms of the smallness of the Yukawa couplings h ν , that generate Dirac masses for the neutrinos. This can be easily seen from Equation (13) , where both quantities are proportional. Moreover, as shown in [51] , taking the limit h ν → 0 and, consequently, v i → 0, one recovers the tadpole equations of the NMSSM, ensuring the existence of solutions to this set of equations.
D. Masses of the neutral scalars and pseudoscalars
In this subsection we work out the main features of the neutral scalar sector mainly focusing on singlets. The complete mass matrices are given in Appendix A. We start with the one generation case which closely resembles the NMSSM, considered, for example, in [61, 62] . This already implies an upper bound on the lightest doublet Higgs mass m(h 0 ), where we will focus on at the end of this subsection. A correct description of neutrino physics implies small values for the vevs v i of the left sneutrinos and small Yukawa couplings h ν as we will see later. Neglecting mixing terms proportional to these quantities, the (6 × 6) mass matrix of the pseudoscalars in the basis Im(H
c ,ν i ) given in Appendix A, Equation (A20), can be decomposed in
The upper (3 × 3) block contains the mass terms for Im(H d ), Im(H u ) and Im(ν c ) and we get analytic expressions for the eigenvalues:
The first eigenvalue corresponds to the Goldstone boson due to spontaneous symmetry breaking. To get only positive eigenvalues for the physical states, the condition
has to be fulfilled, implying that T κ has in general the opposite sign of v R . Additional constraints on the parameters are obtained from the positiveness of the squared masses of the neutral scalars. Taking the scalar mass matrix from Appendix A, Equation (A11), in the basis Re(H 0 d , H 0 u ,ν c ,ν i ) in the same limit as above we obtain
using the additional parameters
An analytic determination of the eigenvalues is possible but not very illuminating. However, one can use the following theorem: A symmetric matrix is positive definite, if all eigenvalues are positive and this is equal to the positiveness of all principal minors (Sylvester criterion). This results in the following three conditions
where f 2 (Ω 2 ) is given by:
The first two conditions are in general fulfilled, but for special values of tan β or λ. Putting all the above together we get the following conditions:
It turns out that by taking a negative value of Ω 3 (∝ T κ ) near f 2 (Ω 2 ) one obtains a very light singlet scalar, whereas for a value of Ω 3 near f 1 (Ω 2 ) one gets a very light singlet pseudoscalar. In between one finds a value of Ω 3 , where both particles have the same mass. This discussion is comparable to formula (37) in [62] for the NMSSM. Moreover, a small mass of the singlet scalar and/or pseudoscalar comes always together with a small mass of the singlet fermion. In the n generation case similar result holds as long as T κ and m 2 ν c do not have off-diagonal entries compared to κ. Inspecting Equations (A15) and (A24) it is possible to show that the singlet scalars and pseudoscalars can be heavy by appropriately chosen values for the off-diagonal entries of T κ while keeping at the same time the singlet fermions relatively light, as will be discussed later. As pointed out in [52] , the NMSSM upper bound on the lightest doublet Higgs mass of about ∼ 150 GeV, which also applies in the µνSSM, can be relaxed to O(300) GeV, if one does not require perturbativity up to the GUT scale.
E. Neutrino masses
In the basis
the mass matrix of the neutral fermions, see Appendix A 4, has the structure
Here M H is the submatrix including the heavy states, which consists of the usual four neutralinos of the MSSM and n generations of right-handed neutrinos. The matrix m mixes the heavy states with the lefthanded neutrinos and contains the R-parity breaking parameters. The matrix M n can be diagonalized in the standard way:
As it is well known, the smallness of neutrino masses allows to find the effective neutrino mass matrix in a seesaw approximation
where the matrix ξ contains the small expansion parameters which characterize the mixing between the neutrino sector and the heavy states.
Since the superpotential explicitly breaks lepton number, at least one mass for the left-handed neutrinos is generated at tree-level. In the case of the 1ν c -model the other neutrino masses are generated at looplevel. With more than one generation of right-handed neutrinos additional neutrino masses are generated at tree-level, resulting in different possibilities to fit the neutrino oscillation data, see the discussion below.
One generation of right-handed neutrinos
With only one generation of right-handed neutrinos the matrix ξ is given by
where the ǫ i and Λ i parameters are defined as
and
with and Det(M H ) is the determinant of the (5 × 5) mass matrix of the heavy states
Using these expressions the tree-level effective neutrino mass matrix takes the form
The projective form of this mass matrix implies that only one neutrino gets a tree-level mass, while the other two remain massless. Therefore, as in models with bilinear R-parity violation [36, 37, 63] 1-loop corrections are needed in order to correctly explain the oscillation data, which require at least one additional massive neutrino. The absolute scale of neutrino mass constrains the Λ and ǫ parameters, which have to be small. For typical SUSY masses order O(100 GeV), one finds | Λ|/µ 2 ∼ 10 −7 -10 −6 and | ǫ|/µ ∼ 10 −5 -10 −4 . This implies a ratio of | ǫ| 2 /| Λ| ∼ 10 −3 -10 −1 . General formulas for the 1-loop contributions can be found in [36] and adjusted to the µνSSM with appropriate changes in the index ranges for neutralinos and scalars. Important contributions to the neutrino mass matrix are due to b −b and τ −τ loops as in the models with b-R p / [37] . In addition there are two new important contributions: (i) loops containing the singlet scalar and singlet pseudoscalar shown in Figure  1 . As shown in [64, 65, 66] , the sum of both contributions is proportional to the squared mass difference
R between the singlet scalar and pseudoscalar mass eigenstates. Note that this splitting can be much larger than the corresponding ones for the left sneutrinos. Thus the sum of both loops can be more important than b −b and τ −τ loops in the current model. (ii) At loop-level a direct mixing between the right-handed neutrinos and the gauginos is possible which is zero at tree-level, see Figure 2 .
n generations of right-handed neutrinos
In this class of models with n > 1 one can explain the neutrino data using the tree-level neutrino mass matrix only. In general one finds that the loop corrections are small if the conditions at the end of this section are fulfilled.
For the sake of simplicity, let us consider two generations of right-handed neutrinos which contains all relevant features. The matrix ξ in Equation (30) takes the form
The K Λ and K α coefficients are:
The effective neutrino mass matrix reads as
κ s v Rs and the determinant of the (6 × 6) mass matrix of the heavy states is
with Det 0 being the determinant of the usual MSSM neutralino mass matrix
The mass matrix in Equation (44) has two nonzero eigenvalues and therefore the loop corrections are not needed to explain the experimental data. Two different options arise:
• Λ generates the atmospheric mass scale, α the solar mass scale
• α generates the atmospheric mass scale, Λ the solar mass scale
In both cases one obtains in general a hierarchical spectrum. A strong fine-tuning would be necessary to generate an inverted hierarchy which is not stable against small variations of the parameters or radiative corretions. Moreover the absolute scale of neutrino mass requires both | Λ|/µ 2 and | α|/µ to be small. For typical SUSY masses order O(100 GeV) we find in the first case | Λ|/µ 2 ∼ 10 −7 -10 −6 and | α|/µ ∼ 10 −9 -10 −8 . In the second case we find | Λ|/µ 2 ∼ 10 −8 -10 −7 and | α|/µ ∼ 10 −8 -10 −7 . The ratios including ǫ or α are much smaller than those in the 1 ν c case. We find that 1-loop corrections to (44) 
are fulfilled. Note that the mixing of the neutrinos with the higgsinos, given by the third column in the matrix ξ in Equation (39), depends not only on α i but also on ǫ i . This leads to 1-loop corrections to the neutrino mass matrix with pieces proportional to the ǫ i parameters, as it also happens in the 1 ν c -model. Therefore, both conditions in Equation (50) need to be fulfilled. Finally, in models with more generations of right-handed neutrinos there will be more freedom due to additional contributions to the neutrino mass matrix. For example, the case of three generations is discussed in [53] , where the additional freedom is also used to generate an inverted hierarchy for the neutrino masses.
III. CHOICE OF THE PARAMETERS AND EXPERIMENTAL CONSTRAINTS
In the subsequent sections we work out collider signatures for various scenarios. To facilitate the comparison with existing studies we adopt the following strategy: We take existing study points and augment them with the additional model parameters breaking R-parity. These points are SPS1a' [67] , SPS3, SPS4, SPS9 [68] and the ATLAS SU4 point [69] . SPS1a' contains a relative light spectrum so that at LHC a high statistic can be achieved, SPS3 has a somewhat heavier spectrum and in addition the lightest neutralino and the lighter stau are close in mass which affects also the R-parity violating decays of the lightest neutralino. SPS4 is chosen because of the large tan β value and SPS9 is an AMSB scenario where not only the lightest neutralino but also the lighter chargino has dominant R-parity violating decay modes. In all these points the lightest neutralino is so heavy that it can decay via two-body modes, as long as it's not a light ν c . In contrast for the SU4 point all two-body decay modes (at tree-level) are kinematically forbidden. As the parameters of these points are given at different scales we use the program SPheno [70] to evaluate them at Q = m Z where we add the additional model parameters. Note that we allow µ to depart from their standard SPS values to be consistent with the LEP bounds on Higgs masses, discussed below.
The additional model parameters are subject to theoretical and experimental constraints. In [52] the question of color and charge breaking minimas, perturbativity up to the GUT scale as well as the question of tachyonic states for the neutral scalar and pseudoscalars have been investigated . The last issue has already been addressed in Section II D where we derived conditions on the parameters. By choosing the coupling constants λ, κ < 0.6 in the 1 ν c -model and λ s , κ s < 0.5 in the 2 ν c -model, perturbativity up to the GUT scale is guaranteed [52] . Note, that choosing somewhat larger values for λ and/or κ up to 1 does not change any of the results presented below. We also address the question of color and charge breaking minimas by choosing λ s > 0, κ s > 0, T s λ > 0, T stu κ < 0, whereas the Yukawa couplings h is ν can either be positive or negative, but those values are small < O(10 −6 ) due to constraints from neutrino physics. Our T is hν are negative, so the condition (2.8) of [52] is easy to fulfill.
Concerning experimental data we take the following constraints into account:
• We check that the neutrino data are fulfilled within the 2-σ range given in Table I taken from ref. [12] if not stated otherwise. These data can easily be fitted using the effective neutrino mass matrices given in Section II E.
• Breaking lepton number implies that flavour violating decays of the leptons like µ → eγ are possible, where strong experimental bounds exist [31] . However, in the model under study it turns out that these Table I : Best-fit values with 1-σ errors and 2-σ intervals (1 d.o.f.) taken from [12] . In the following we will refer to these angles as θ12 = θ sol , θ23 = θatm and θ13 = θR.
bounds are automatically fulfilled once the constraints from neutrino physics are taken into account similar to the case of models with bilinear R-parity breaking [71] .
• Bounds on the masses of the Higgs bosons [31, 72] . For this purpose we have added the dominant 1-loop correction to the (2,2) entry of the scalar mass matrix in Appendix A 2. Moreover, we have checked in the 1ν c -model with the help of the program NMHDECAY [49] that in the NMSSM limit the experimental constraints are fulfilled.
• Constraints on the chargino and charged slepton masses given by the PDG [31] .
• The bounds on squark and gluino masses from TEVATRON [31] are automatically fulfilled by our choices of the study points.
The smallness of the R p / parameters guarantees that the direct production cross sections for the SUSY particles are very similar to the corresponding MSSM/NMSSM values. Note that for low values of λ the singlet states are decoupled from the rest of the particles, leading to low production rates.
In this section we discuss the phenomenology of the 1 ν c -model, including mass hierarchies, mixings in the scalar and fermionic sectors, decays of the scalar and fermionic states and the correlations between certain branching ratios and the neutrino mixing angles. In the following discussion we call a neutralinoχ
As discussed below, light scalar S 0 m or pseudoscalar states P 0 m appear, especially in case of the singlino being the lightest neutralino. In the following we discuss possible mass hierarchies and mixings in more detail.
The diagonal entry of the singlet right-handed neutrino in the mass matrix of the neutral fermions is
κv R , see Appendix A 4. A singlino as lightest neutralino is obtained by choosing small values for κ and/or v R . Since the masses of the four MSSM neutralinos are mainly fixed by the chosen SPS point, we can either generate a bino-like or a singlino-like lightest neutralino by varying κ and/or v R , where the latter case means a variation of λ due to a fixed µ-parameter. A light singlet scalar and/or pseudoscalar can be obtained by appropriate choices of T λ and T κ . An example spectrum is shown in Figure 3 . The MSSM parameters have been chosen according to SPS1a' except for µ = 150 GeV. The scalar state S 0 2 = h 0 can easily get too light to be consistent with current experimental data, although the production rate e + e − → ZS 0 2 is lowered, since a mixing with the lighter singlet scalar S 0 1 =ν c reduces its mass. By reducing µ the mixing can be lowered (see mass matrices) and this problem can be solved.
Another example spectrum for neutral fermions is shown in Figure 4 . Again SPS1a' parameters have been chosen, except µ = 170 GeV. As the figure demonstrates for this reduced value of µ the states are usually quite mixed, which is important for their decay properties, as discussed below. Note that the abrupt change in composition inχ The decay properties of the lightest scalars/pseudoscalars are in general quite similar to those found in the NMSSM [50, 62] . The lightest doublet Higgs boson similar to the h 0 decays mainly like in the MSSM, apart from the possible final state 2χ 
A. Decays of a gaugino-like lightest neutralino
We first consider the case of a bino as lightest neutralino. Although m(χ 0 1 ) > m W in the SPS points we have chosen, two-body decay modes are not necessarily dominant. The three-body decayχ 0 1 → l i l j ν dominated by a virtualτ also can have a sizeable branching ratio, see Table II and Figure 7 . The importance of this final state can be understood from the Feynman graph shown in Figure 6 , giving the dominant contribution due toH In the case l i = τ there's an additional contribution due toH 0 d -ν-mixing. As Figure 7 shows there exist parameter combinations in the λ-κ-plane, where the decay modeχ Table II . [52] and to Figure 7 and T λ = λ · 1.5TeV and Tκ = −κ · 100GeV. In the µνSSM one finds correlation between the decays of the lightest neutralino and the neutrino mixing angles, because neutralino couplings depend on the same R p / parameters as the neutrino masses. Figure 8 shows the correlation between the branching ratios of the decayχ 0 1 → W l as a function of the atmospheric angle. Although a clear correlation is visible it is not as pronounced as in the n generation case, see below and [53] , due to inclusion of 1-loop effects in the neutrino masses and mixing angles.
Also the three-body decayχ 0 1 → l i l j ν exemplifies a correlation with neutrino physics. However, this decay is connected to the solar angle, see Figure 9 . There are two main contributions to this final state:
While the former is mainly sensitive to Λ i , the latter is dominated by ǫ i -type couplings (see Figure 6 ), causing the connection to solar neutrino angle. In case the W is on-shell as in the SPS1a' point, one could in principle devise kinematical cuts reducing this contribution. Such a cut can significantly improve the quality of the correlation.
The SU4 scenario of the ATLAS collaboration [69] has a very light SUSY spectrum close to the Tevatron bound with a bino-like neutralino m(χ Also for this point a correlation between the branching ratios and the neutrino mixing angles is found as illustrated in Figure 11 .
In addition to the SUGRA scenarios discussed up to now we have also studied SPS9, which is a typical AMSB point. The most important difference between this point and the previously discussed cases is the near degeneracy between lightest neutralino and lightest chargino. This near degeneracy is the reason that the chargino decay is dominated by R p / final states. Varying λ and κ as before we find a total decay length of (0.12 − 0.16)mm with Br(χ versus tan 2 θatm for the SU4 scenario of the ATLAS collaboration [69] and to the right (b) ratio
versus tan 2 θ sol with same set of parameters as (a). Bino purity |N41| 2 > 0.94. 
B. Decays of a singlino-like lightest neutralino
We now turn to the case of a singlino-like LSP. As already explained, this scenario is connected to a light singlet scalar and pseudoscalar. Recall, that the particles in the fermionic sector are mixed for λ, κ = O(10 −1 ) due to the reduced µ-parameter as can be seen in Figure 4 . We will first discuss the average decay length of the lightest neutralinoχ 0 1 . Figure 13 shows the average decay length in meter for different SPS scenarios as a function of the mass of the lightest neutralino m(χ 0 1 ). Composition of the neutralino is indicated by colour code, as given in the caption. λ, κ, T κ and µ are varied in this plot. Note that by variation of T κ the parameter points in Figure 13 are chosen in such a way, that all scalar and pseudoscalar states are heavier than the lightest neutralino. Singlino purity in this plot increases with decreasing mass and for pure singlinos the decay length is mainly determined by its mass and the experimentally determined neutrino masses. For neutralino masses below about 50 GeV decay lengths become larger than 1 meter, implying that a large fraction of neutralinos will decay outside typical collider detectors. Note that if one allows for lighter scalar states so that at least one of the decaysχ 
V. PHENOMENOLOGY OF THE n b ν c -MODEL
In the previous section the phenomenology for the one generation case of the model has been worked out in detail. Most of the signals discussed so far are independent of the number of right-handed neutrinos. However, the n generation variants also offer some additional phenomenology, which we discuss here for the simplified case of n = 2.
In a model with one right-handed neutrino superfield a light singlino will always imply a light scalar/pseudoscalar. This connection between the neutral fermion sector and scalar/pseudoscalar sector is a well-known property of the NMSSM (see again [61, 62] ). In models with more than one generation of singlets, the off-diagonal T κ terms in Equation (5) induce mixing between the different generations of singlet scalars and pseudoscalars. This opens up the possibility, not considered in previous publications [51, 52, 53] , to have the singlet scalars considerably heavier than the singlet fermions.
Let us illustrate this feature with a simple example. Imagine a light singlino ν The connection between decays and neutrino angles is not a particular property of the 1 ν c -model and is also present in a general n ν c -model. However, since the structure of the approximate couplingsχ
is different, see Appendix B, we encounter additional features for n = 2. As explained in Section II E 2, we have now two possibilities to fit neutrino data. If the dominant contribution to the neutrino mass matrix comes from the Λ i Λ j term in Equation (44) one can link it to the atmospheric mass scale, using the α i α j term to fit the solar mass scale. This case will be called option fit1. On the other hand, if the dominant contribution is given by the α i α j term one has the opposite situation, where the atmospheric scale is fitted by the α i parameters and the solar scale is fitted by the Λ i parameters. This case will be called option fit2.
For the case of a bino-like lightest neutralino one can show that the coupling is proportional to Λ i whereas for the case of a singlino-like lightest neutralino the dependence is on α i , as shown in Appendix B. Figure 17 shows the ratio Br(χ versus tan 2 (θatm) and to the right (b) ratio
versus sin 2 (θR) for a bino LSP. Bino purity |N41| 2 > 0.9. Neutrino data is fitted using option fit1. Neutrino data is fitted using option fit1. versus tan 2 (θatm) and to the right (b) ratio
versus sin 2 (θR) for a singlino LSP. Singlino purity |N45| 2 > 0.9. Neutrino data is fitted using option fit2.
For the case of a singlino LSP the correlations and types of fit to neutrino data are swapped with respect to the gaugino case. Since the couplingsχ
i are mainly proportional to α i , instead of Λ i , a scenario with a singlino LSP and option fit1 (fit2) will be similar to bino LSP and option fit2 (fit1). This similarity is demonstrated in Figures 19 and 20 . To decide which case is realized in nature, one would need to determine the particle character of the lightest neutralino. This might be difficult at the LHC, but could be determined by a cross section measurement at the ILC. We want to note, that in the 2 ν c -model we cannot reproduce all correlations for a singlino LSP presented for the 3 ν c -model in [53] . The results shown so far in this section were all calculated for the SPS1a' scenario. We have checked explicitly that for all the other standard points results remain unchanged. We have also checked that for a LSP with a mass below m W the three-body decaysχ A final comment is in order. In a n ν c -model with n > 2, the effective neutrino mass matrix will have additional terms with respect to (44) , due to the contributions coming from the new right-handed neutrinos. For this richer structure there is one additional contribution to m eff νν , which could be subdominant. Therefore, one can imagine a scenario in which a third generation of singlets produces a negligible contribution to neutrino masses while the corresponding singlino, ν As already discussed we have two different possiblities to fit neutrino data: Λ generates the atmospheric mass scale and α the solar mass scale (case fit1), or vice versa (case fit2). It turns out that the decay length of the lightest neutralino is sensitive to the type of fit, due to the proportionality between its couplings with gauge bosons and the R p / parameters (see Appendix B for exact and approximated formulas of the couplings χ
and their simplified expressions in particular limits). For example, a singlino-like neutralino couples to the gauge bosons proportionally to the α i parameters. This implies that its decay length will follow L ∝ 1/| α| 2 and obeys the approximate relation
In Figure 21 the decay length of the lightest neutralino and its dependence on the type of fit to neutrino data is shown. Once mass and length are known this dependence can be used to determine which parameters generate which mass scale. Note that this feature is essentially independent of the MSSM parameters. However, this property is lost if either the lightest neutralino has a sizeable gaugino/higgsino component or if there are singlet scalars/pseudoscalars lighter than the singlino.
C. Several light singlets
In scenarios with two (or more) light singlets, the phenomenology has additional features. The light Higgs boson h 0 can decay with measurable branching ratios to pairs of right-handed neutrinos of different generations. Similarly, the bino can decay to the different light right-handed neutrinos.
In the following, the case of two light singlinos and two light scalars/pseudoscalars will be considered. For the neutral fermion sector this implies that the mass eigenstatesχ can be very important to distinguish between the one generation model and models with more than one generation of singlets. In principle, the most important decay channels strongly depend on the couplings of the bino to the two generations of singlinos and the configuration of masses of singlinos and scalars. Therefore, a general list of signals cannot be given. Nevertheless, there are some features which are always present:
When kinematically allowed, the decaysχ A final comment is in order. In these kind of scenarios with many light singletsχ 0 1 decays to νbb can be dominant. This will reduce the available statistics in the interesting l i l j ν and lq i q j channels. Moreover, the correlations are less pronounced due to mixing effects in the singlet sector.
VI. DISCUSSION AND CONCLUSIONS
We have studied the phenomenology of the µνSSM. This proposal solves at the same time the µ-problem of the MSSM and generates small neutrino masses, consistent with data from neutrino oscillation experiments. Neutrino data put very stringent constraints on the parameter space of the model. Both the left-sneutrino vacuum expectation values and the effective bilinear parameters have to be small compared to MSSM soft SUSY breaking parameters. As a result all SUSY production cross sections and all decay chains are very similar to the NMSSM, the only, but phenomenologically very important, exceptions being the decay of the LSP and NLSP (the latter only in some parts of the parameter space) plus the decays of the lightest Higgses.
We have discussed in some details two variants of the model. In the simplest version with only one generation of singlets 1-loop corrections to the neutralino-neutrino mass matrix need to be carefully calculated in order to explain neutrino data correctly. The advantage of this minimal scheme is that effectively it contains only six new (combinations of) R p / parameters, which can be fixed to a large extend by the requirement that oscillation data is correctly explained. This feature of the model is very similar to explicit bilinear R-parity breaking, although, as we have discussed, the relative importance of the different 1-loop contributions is different in the µνSSM and in bilinear R p / . Certain ratios of decay branching ratios depend on the same parameter combinations as neutrino angles and are therefore predicted from neutrino physics, to a large extend independent of NMSSM parameters. We have also calculated the decay length of the LSP, which depends mostly on the LSP mass and the (experimentally determined) neutrino masses. Lengths sufficiently large to observe displaced vertices are predicted over most parts of the parameter space. However, for neutralinos lighter than approximately 30 GeV, decay lengths become larger than 10 meter, making the observation of R p / difficult for LHC experiments. However, if there is a singlet scalar or pseudoscalar with a mass smaller than the lightest neutralino,χ The more involved n generation variants of the µνSSM can explain all neutrino data at tree-level and therefore are calculationally simpler. Depending on the nature of the neutralino, neutralino LSP decays show different correlations with either solar or atmospheric neutrino angles. This is guaranteed in the two generation version of the model and likely, but not always true, for n generations. If the NMSSM coupling λ is sufficiently small also the NLSP has decays to R p / final states with potentially measurable branching ratios. In this part of parameter space it seems possible, in principle, to test both solar and atmospheric neutrino angles. If only the singlino(s) are light, i.e. the singlet scalars are heavier than, say, the h 0 , the decay length of the singlino is very sharply predicted as a function of its mass and either the solar or atmospheric neutrino mass scale. If both, singlinos and singlet scalars (or pseudoscalars) are light, bino NLSP and h 0 will decay not only to the lightest singlinos/singlets but also to next-to-lightest states. This leads to enhanced multiplicities in the final states and the possibility to observe multiple displaced vertices.
We now briefly discuss possible differences in collider phenomenology of the µνSSM and other R-parity breaking schemes. Different models of R-parity breaking appear clearly distinct at the Lagrangian level. However, at accelerator experiments it can be very hard to distinguish the different proposals. This can be easily understood from the fact that for a heavy singlet sector all R p / models approach necessarily the MSSM with explicit R-parity breaking terms. It is therefore an interesting question to ask, what -if any -kind of signals could exist, which at least might hint at which model is the correct description of R p / . Given the large variety of possibilities and the very limited predictive power of the most general cases, any discussion before the discovery of SUSY must be rather qualitative.
First one should mention that not all R p / models explaining neutrino data show correlations between LSP decay branching ratios and neutrino angles. Especially the large number of free parameters in trilinear models exclude the possibility to make any definite predictions. R p / models which do show such correlations, on the other hand, lead usually to very similar predictions for the corresponding LSP decays. For example, fitting the atmospheric data with tree-level R p / terms, a bino LSP in explicit bilinear models and in the µνSSM decay with the same ratio of branching ratios into W l (or lq iqj ) final states. Thus, to distinguish the different proposals other signals are needed.
We will briefly discuss the main differences in collider phenomenology between the following three propos- als: (i) MSSM with explicit bilinear terms (b-R p / ); (ii) Spontaneous R p / (s-R p / ) model and (iii) µνSSM. Table  (III) shows a brief summary of this comparison. Differences occur in (a) the observability of a displaced vertex of the lightest neutralino decay; (b) the upper limit on the branching ratio of the lightest neutralino decaying completely invisible and (c) standard versus non-standard lightest Higgs decays.
The decay length of the lightest neutralino is fixed in both, the b-R p / model and the µνSSM, essentially by the mass of the lightest neutralino and the experimentally determined neutrino masses. For m(χ decays themselves can then lead to a non-standard signal in the Higgs sector. This is different in s-R p / , where for a low-scale of spontaneous R-parity breaking, the h 0 can decay to two Majorons, i.e. large branching ratios of Higgs to invisible particles are possible. In the µνSSM the h 0 decays can be non-standard, if the lightest singlino is lighter than m(h 0 )/2. However, since the singlinos decay, this will not lead to an invisible Higgs, unless the mass of the singlino is so small, that the decays occur outside the detector.
To summarize this brief discussion, b-R p / , s-R p / and µνSSM can, in principle, be distinguished experimentally if the singlets are light enough to be observed in case of s-R p / and µνSSM. We note in passing that we have not found any striking differences in collider phenomenology of the µνSSM and the NMSSM with explicit bilinear terms.
In conclusion, the µνSSM offers a very rich phenomenology. Especially scenarios with light singlets deserve further, much more detailed studies.
Finally, the (6 × 6) mass matrix of the charged sleptons can be written as
with:
Pseudoscalars
the scalar potential includes the term
and the ((5 + n) × (5 + n)) pseudoscalar mass matrix can be written as 
where
The matrix N diagonalizes the neutral fermion mass matrix (see Appendix (A 4)) while the matrices U and V diagonalize the charged fermion mass matrix (see Appendix (A 5)). As was already mentioned for the case of neutral fermions in Section II E, it is possible to diagonalize the mass matrices in very good approximation due to the fact that the R p / parameters are small. Defining the matrices ξ, ξ L and ξ R , that will be taken as expansion parameters, one gets the leading order expressions
where I 3 is the (3 × 3) identity matrix. The expansion matrices ξ L and ξ R are
v Rs h is ν . The expressions for the matrix ξ depend on the number of singlet generations in the model. Particular cases can be found in (31) and (39) .
Using the previous equations and assuming that all parameters are real , one gets the approximate formulas
It is important to emphasize that all previous formulas, and the following simplified versions, are tree-level results. More simplified formulas are possible if the lightest neutralino has a large component in one of the gauge eigenstates. These particular limits are of great interest to understand the phenomenology:
This limit is caracterized by N 
For the 1 ν c -model this implies that a bino-likeχ 0 1 couples to W l i proportionally to Λ i , see Equation (31), without any dependence on the ǫ i parameters.
On the other hand, for the 2 ν c -model, the more complicated structure of the ξ matrix, see Equations (39) and (43), implies a coupling of a bino-likeχ 0 1 with W l i dependent on two pieces, one proportional to Λ i and one proportional to α i :
However, a simple estimate of the relative importance of these two terms is possible. By assuming that all masses are at the same scale m SUSY , the couplings κ and λ are of order 0.1, and the R p / terms h i ν and v i are of order h Rp / and m SUSY h Rp / respectively, one can show that aΛ i ∼ 200 bα i . Therefore, one gets a coupling which is proportional, in very good approximation, to Λ i , as confirmed by the exact numerical results shown in the main part of the paper. Similar arguments apply for models with more generations of right-handed neutrinos.
In conclusion, for a bino-like neutralino the couplingχ 0 1 − W ± − l ∓ i is proportional to Λ i to a good approximation.
Higgsino-likeχ 0 1 This limit is caracterized by N 
Equations (31) and (39) show that the ǫ i terms cancel out in the coupling (B8), and therefore one gets dependence only on Λ i in the 1 ν c -model, and (Λ i , α i ) in the 2 ν c -model. However, this cancellation is not perfect in O cnw Ri1 and thus one still has some dependence on ǫ i .
Singlino-likeχ 
For the 1 ν c -model this expression implies that a pure singlino-likeχ 0 1 couples to W l i proportional to Λ i , see Equation (31) , without any dependence on the ǫ i parameters. This proportionality to Λ i is different to what is found in spontaneous R-parity violation, where the different structure of the corresponding ξ matrix [73] implies that the singlino couples to W l i proportionally to ǫ i .
For the n ν c -model one finds that the couplingχ 
The coupling has two pieces, one proportional to Λ i and one proportional to α i . However, the α i piece gives the dominant contribution, as can be shown using an estimate completely analogous to the one done for a bino-likeχ 0 1 . In this case, the ratio between the two terms in Equation (B10) is α i -piece ∼ 8 Λ i -piece, sufficient to ensure a very good proportionality to the α i parameters. This estimate has been corroborated numerically.
